Dephasing induced by residual thermal photons in the readout resonator is a leading factor limiting the coherence times of qubits in the circuit QED architecture. This residual thermal population, of the order of 10 −1 -10 −3 , is suspected to arise from noise impinging on the resonator from its input and output ports. To address this problem, we designed and tested a new type of band-pass microwave attenuator that consists of a dissipative cavity well thermalized to the mixing chamber stage of a dilution refrigerator. By adding such a cavity attenuator inline with a 3D superconducting cavity housing a transmon qubit, we have reproducibly measured increased qubit coherence times. At base temperature, through Hahn echo experiment, we measured T2e/2T1 = 1.0 (+0.0/−0.1) for two qubits over multiple cooldowns. Through noise-induced dephasing measurement, we obtained an upper bound 2 × 10 −4 on the residual photon population in the fundamental mode of the readout cavity, which to our knowledge is the lowest value reported so far. These results validate an effective method for protecting qubits against photon noise, which can be developed into a standard technology for quantum circuit experiments.
I. INTRODUCTION
The past two decades have witnessed an exponential increase in the coherence times of superconducting qubits [1] . Major breakthroughs include biasing a charge qubit at the charge-noise-insensitive point [2] , shunting the Josephson junction with a capacitance to suppress noise in charge [3] [4] [5] and flux qubits [6, 7] , and shunting the junction with a superinductance to eliminate offset charge noise in a fluxonium qubit [8] . Moreover, in the circuit QED architecture [9, 10] , it has been well understood that the readout cavity modifies the electromagnetic environment of the qubit and can thus affect qubit coherence [11, 12] . In recent years, for transmon qubits embedded in 3D microwave cavities [13] , energy relaxation times T 1 > 100 µs have been frequently observed [14] [15] [16] [17] . However, in these experiments, transmon coherence times T 2 are much shorter than 2T 1 , indicating qubit coherence is predominantly limited by pure dephasing. An outstanding question in this field is whether T 2 ≈ 2T 1 can be reproducibly obtained in long-lifetime superconducting qubits.
One of the main dephasing channels that limit T 2 is the residual thermal photon population in the readout cavity [18] [19] [20] [21] [22] [23] [24] . In the dispersive coupling regime, due to the AC Stark effect, fluctuations in the thermal photon number of the cavity cause random shifts of the qubit transition frequency and thus contribute to qubit dephasing [25] . In the limit of average thermal photon numbern th 1, the induced dephasing rate is proportional ton th [20] :
where κ is the cavity linewidth, and χ is the dispersive * zhixin.wang@yale.edu † michel.devoret@yale.edu shift of the qubit frequency per cavity photon. Theoretically, for a 7.5 GHz cavity mode at 20 mK,n th is expected to be on the order of 10 −8 . However, then th 's estimated from measurements of Γ th φ in recent experiments range from 6 × 10 −4 to 0.15, corresponding to effective mode temperatures between 55 mK and 140 mK [22] [23] [24] [26] [27] [28] . Understanding the origin of excess thermal photons and reducingn th are therefore crucial to enhancing the qubit coherence times and reliably achieving T 2 ≈ 2T 1 .
One source of the excessn th is the coupling of the cavity mode to the input and output ports. This coupling opens a channel for auxiliary components in the microwave wiring to affect the temperature of the cavity mode. Examples of such components are commercial cryogenic attenuators, filters, isolators, etc. These components and the teflon insulator in the coaxial cables are difficult to thermalize to the mixing chamber stage of the dilution fridge. Attenuators are particularly important in this regard since they are the dominant dissipation sources in the wiring of a cryostat and ideally form the bath that thermalizes the readout cavity modes. Insulators inside commercial cryogenic attenuators have poor thermal conductivities at low temperatures as do their stainless steel packages. Lately, thermal anchoring of attenuators has been improved by replacing these materials with better thermal conductors and redesigning the circuit layout [23] . Nevertheless, a fundamental restriction in performance arises from the lumped element thin-film resistive network that these attenuators are made of.
An explanation of this challenge and its solution are shown in Fig. 1 . In a lumped element resistor, the electric and heat currents are parallel to each other [see Fig. 1(a) ]. Given a certain electrical resistance, the order of magnitude of its thermal resistance due to electronic degrees of freedom is subject to the constraint imposed by Wiedemann-Franz law [29] . For instance, a 50 Ω resistor at 20 through electron-phonon interaction and phonon transport [30, 31] . However, this phonon mechanism suffers from a bottleneck since very few phonons are present at millikelvin temperatures. Numerical simulations show that under microwatt input power, the temperature difference inside the resistive network of the attenuator can easily reach 100 mK [23] . While it may be reduced by proper choice of materials and circuit layout, thermalizing all materials to 20 mK may be fundamentally impossible, since some thermal gradient is necessary to produce a sufficient phonon heat current.
To overcome this fundamental challenge, we would prefer to use electrons in a Fermi degenerate system to conduct heat, since electronic excitations are always present at low temperatures. We thus consider an alternative dissipation source for microwave radiation-the normal metal walls of a waveguide section. As shown in Fig. 1(b) , in a dissipative waveguide, electric current mainly flows within the skin depth of the wall, while heat is conducted by electrons into the bulk metal, perpendicular to the electric current. In principle, such a distributed structure, if made of a good thermal conductor, can realize an improved cold black body radiation environment at microwave frequencies, which is the goal of our work.
We present in this paper a new type of narrowband microwave attenuator based on a cavity realized by a section of dissipative waveguide, which aims at reducing the residual thermal photon population in circuit QED systems. The normal metal cavity is seamless and machined by conventional techniques without any material growth or microfabrication processes. By coupling it to a transmon-cavity system, we measured enhanced coherence times on two qubits in multiple cooldowns, and obtained record-breaking pure dephasing time T φ andn th at base temperature, leaving qubit coherence limited by energy relaxation. Because of its simple design and reliable performance, this cold cavity attenuator will provide a useful addition to the state-of-the-art quantum circuit toolbox.
II. CAVITY ATTENUATOR DESIGN
Most commercial cryogenic attenuators have more than 10 GHz bandwidth. However, microwave pulses for qubit control and measurement are centered only around certain frequencies, and thus only narrowband attenuation is required. This forms the basis for the idea of attenuating quantum signals with a dissipative cavity. For instance, to protect a readout cavity at frequency f r with ∼ 1 MHz linewidth from excess photon noise, we would like to supplement commercial attenuators with a cavity attenuator. Such a cavity attenuator should: (1) be centered around f r , (2) provide 10-20 dB attenuation on resonance, and (3) have 10-50 MHz bandwidth to cover the linewidth of the readout cavity. In addition, it should be made of a low-temperature-compatible normal metal, such as brass or, even better, oxygen-free high thermal conductivity (OFHC) copper.
Designing a microwave cavity that can be well thermalized to millikelvin temperatures and has a 10-50 MHz internal dissipation rate (internal quality factor Q i ∼ 500) is a challenging task, since good thermal conductors also have low electrical conductor loss. Given the resistivity of the material, the quality factor of a 3D cavity resonator is approximately inversely proportional to its surface-to-volume ratio [32] . An order-of-magnitude estimate shows that the smallest dimension of our brass (OHFC copper) dissipative cavity must be in the submillimeter (sub-0.1-mm) regime. Furthermore, the onresonance power transmission of a two-port resonator is 4κ c1 κ c2 /(κ i + κ c1 + κ c2 ) 2 , where κ i and κ c1,2 are the internal dissipation and external coupling rates. 10-20 dB attenuation requires κ i ∼ 10κ c1,2 -the cavity being undercoupled to the couplers. Fig. 2 shows a physical realization satisfying all these requirements. It is a single-piece brass block fabricated using wire electrical discharge machining (EDM) [33, 34] . Such a design eliminates seams and therefore their associated loss [35] . Its external dimensions match commercial WR-102 waveguides. In addition, it can be directly thermalized to the mixing chamber of a dilution refrigerator through copper braids. As sketched in Fig. 2(b) , the cavity is rectangular, apart from a cylindrical hole in the middle for initializing wire EDM cutting. Due to the open boundary condition at both coupling ports, the electromagnetic field in the fundamental mode is nonuniform only in the longest dimension that is 22 mm in this device and sets the mode frequency. The 0.3 mm gap sets the internal dissipation rate. We characterized this cavity at room temperature with a calibrated network analyzer. The waveguide couplers on both sides have κ c ≈ κ i /10. As seen in Fig. 2(d) , the transmission peak centers at 7.52 GHz with 14 dB insertion loss. Combined with reflection measurements, we extracted κ i /2π = 54 MHz.
Based on this design, we fabricated cavity attenuators with different materials and gap sizes. Parameters of three representative devices are listed in Table I . For cryogenic measurements, the temperature of the attenuator block reached 15 mK as verified by 60 Co nuclear orientation thermometry. As seen in Table I , cavity frequencies increase due to thermal contraction at low temperature. Meanwhile, phonon vibrations freeze out, which increases the metal conductivities and reduces the cavity dissipation rates. For brass, a copper-zinc alloy, κ i is reduced by ∼ 20%. For OFHC copper, κ i is reduced by around a factor of three, indicating a ten-fold increase in electrical conductivity. Note that this value is smaller than the DC residual-resistivity ratio (RRR) of OFHC copper because of the anomalous skin effect, which appears when the mean free path of the metal is longer than the wavelength of the RF probe signal [36] [37] [38] . The dissipation rates of copper cavity attenuators are limited by the smallest diameter of the EDM cutting wires that our machine shop has access to. 
III. QUBIT COHERENCE ENHANCEMENT
We tested the performance of these cavity attenuators by coupling them to a circuit QED system and measuring the qubit coherence properties between 13 mK and 120 mK. The experimental setup is shown in Fig. 3 . A cavity attenuator is connected to the sole coupling port of the aluminum cavity housing a transmon qubit. Microwave measurement of the cavity can be performed in reflection. This configuration provides maximum protection against incident photon noise-the transmon is not directly exposed to any excess radiation coming from the transmission lines. Consequently, thermal-photoninduced qubit dephasing can be studied in detail. However, this configuration also degrades the measurement signal-to-noise ratio because the readout signal has been attenuated before being amplified by the output chain. This problem could be solved by in situ quantum limited amplification, which is discussed in Sec. V. We note that one of the ideas behind our experiment-introducing a cold dissipation source in the path of quantum signalsis similar to that of a previous work [27] . Alternatively, the qubit dephasing can also be suppressed by reducing the coupling rate of the readout cavity to the output line [21] . Nevertheless, compared to these strategies, our two-cavity modular approach provides more flexibility in experimental design. In addition, the cavity attenuator filters out off-resonance radiation and thus further suppresses the radiative decay of the qubit [11, 12] , acting as an effective Purcell filter [39] . We measured the 0.3 mm-gap brass cavity attenuator coupled to a transmon-aluminum readout cavity system. The reflected signal off the combined system, measured using a network analyzer [see Fig. 3(c) ], shows two hybridized modes centered at 7.573 GHz and 7.719 GHz.
Using the measured trace, we estimated that the mode centered at 7.573 GHz participates 79% in the aluminum cavity and 21% in the brass cavity, while the mode centered at 7.719 GHz participates 21% in the aluminum cavity and 79% in the brass cavity. We used the mode at 7.573 GHz to readout the qubit since it participates more in the aluminum cavity and thus has a larger dispersive shift. The ratio of internal dissipation to external coupling for this readout mode is estimated to be 6:1. Denoting the average photon population of the internal and external baths byn i andn c , we haven i n c since the brass cavity is in thermal equilibrium with the mixing chamber. Therefore, we obtain the residual thermal population of the readout mode to ben th ≈n c /7, indicating 85% of residual photons are dissipated in the cold cavity attenuator. T 1 and Hahn echo T 2e were measured as a function of temperature for two transmon-cavity systems, labeled A and B, coupled with brass and copper cavity attenuators as well as without an attenuator. As a control experiment, we also measured an aluminum filter with identical dimensions to the copper attenuator that however provides no attenuation on resonance. The transmon frequencies and anharmonicities are listed in Table II Table III . Each T 1 and T 2e data point is the average of ten measurements performed over the course of around one hour.
From these results we can infer that cavity attenuators dissipate excess photons in the readout mode and suppress photon-induced qubit dephasing. We see in Fig. 4(b) that T 2e for transmon A at base temperature is improved by more than a factor of two with cavity attenuators and can exceed 220 µs. Meanwhile, Ramsey T 2R (not shown) was also improved from 28-35 µs without a cavity attenuator to 41-43 µs with the brass attenuator and 35-40 µs with the copper attenuator. The difference between T 2R and T 2e indicates that low-frequency noise in our measurement setup is causing qubit dephasing. However, since the dephasing due to residual thermal photons cannot be filtered out by a single echo pulse [21] , we use T 2e to inform us about the effect of the cavity attenuator on the residual thermal photon population.
An important figure of merit to quantify qubit dephasing is the dimensionless value T 2e /2T 1 = T φ /(T φ + 2T 1 ), which is close to its unity upper limit when the dephasing time satisfies T φ T 1 . As shown in Fig.  4(c) , at base temperature we measured T 2e /2T 1 = 0.98 (+0.02/−0.08) with the brass attenuator. This ratio is 1.00 (+0.00/−0.12) with the copper attenuator. In ei- ther experiment, the average T φ is close to 10 ms, much longer than T 1 , indicating qubit coherence is limited by relaxation rather than pure dephasing. If we attribute all the qubit dephasing to the residual thermal photon population in the fundamental mode of the readout cavity, according to Eq. (1), the upper bound ofn th is estimated to be on the order of 10 −4 , corresponding to an effective mode temperature of T eff ≤ 40-45 mK. As a comparison, in the absence of cavity attenuators, transmon A in the same measurement setup has T φ ≈ 0.3 ms and T 2e /2T 1 = 0.72 ± 0.12, indicatingn th ≤ 4 × 10 −3 and T eff ≤ 65 mK.
To verify the efficacy of these cavity attenuators, we further performed two control experiments. First, in the same geometry as the 75-µm-gap copper attenuator, we machined an aluminum cavity. It becomes a lossless cavity filter below 1 K and thus should leave the thermal photon population of the readout mode un-changed. By coupling it to transmon A and performing the same temperature-dependent measurements, we acquired the yellow circles in Fig. 4 . At 25 mK, we measured T 2e /2T 1 = 0.75 ± 0.06, indicatingn th ≤ 1 × 10
and T eff ≤ 55 mK, which are between the no-attenuator and brass/copper-attenuator results. Therefore, we conclude that the enhancement of qubit coherence in previous experiments is not only due to lossless filtering. Dissipation is necessary for reducing high-frequency dephasing noise caused by residual thermal photons in the readout mode.
As a second control, we repeated the copper-attenuator experiment but added to the aluminum readout cavity a copper coaxial cable coupler with coupling rate to the readout mode ∼ 5 kHz κ c , κ i . This input line with 70 dB cold attenuation was terminated by a 50 Ω load at room temperature. At 25 mK, we observed T 1 = 100 ± 8 µs, T 2e = 171 ± 10 µs, and obtained T 2e /2T 1 = 0.86 ± 0.09,n th ≤ 1 × 10 −3 , corresponding to T eff ≤ 55 mK. We conclude that even a weakly coupled port has nonegligible contribution to qubit dephasing if it is not directly thermalized to the mixing chamber. Based on this and other experiments in our lab, we suspect in particular that the teflon in the coaxial cable is a source of excess photons. Therefore, to achieve the best qubit coherence, ideally every coupling port on the readout cavity should be properly protected by a cold cavity attenuator. We tested the consistency of the performance of cavity attenuators by conducting experiments on the two transmons A and B in multiple cooldowns. Plotted in Fig. 5 are results with 300-µm-gap brass attenuators. These two cooldowns were separated by five months during which time the attenuators were removed from the setups. For both qubits, temperature-dependent measurements showed good reproducibility on T 2e /2T 1 , which is close to 1 in average and larger than 0.9 within one standard deviation at base temperature. We believe that reliable performance of these attenuators arises from their well-understood materials, structure, and fabrication process.
IV. THERMAL PHOTON POPULATION MEASUREMENT
Precisely measuring T φ andn th becomes a challenging task when T 2 ≈ 2T 1 , as the fluctuation of T 1 over time causes the error bar of Γ φ = 1/T φ to exceed Γ φ itself. To determine residualn th at base temperature with higher accuracy, we performed noise-induced dephasing measurement on both transmons. Adopting a method similar to Refs. [22, 24] , we amplitude-modulated broadband white noise (0-80 MHz) onto a continuous-wave microwave signal at the hybridized readout frequency. The total photon population in the readout mode becomes n tot = n add + n th , in which n add is proportional to the output power of the noise generators. By measuring n tot as a function of the noise power (see Fig. 6 ), we can extract n th by linear regression. Finally, we obtained n th = 2 (+3/−2) × 10 −4 for transmon A and n th = 2 (+4/−2) × 10 −4 for transmon B when they are protected by copper cavity attenuators, corresponding to T eff ≤ 44 mK. These results are consistent with the order-of-magnitude estimate in Sec. III, and lower than the values in two other recent reports [23, 24] that also aimed at reducingn th in circuit QED systems.
V. DISCUSSION
The results of our experiments have two important implications: First, cavity attenuators can reproducibly reducen th of the readout cavity by an order of magnitude and extend T 2e close to the 2T 1 limit. Second, the improvement of qubit coherence by cavity attenuators is impacted if the readout cavity has any direct coupling to the input and output lines, even if the coupling is very weak. Our experiment suggests that excess thermal photons inevitably come from the commercial microwave components at base temperature. Consequently, cavity attenuators should be employed as a standard device to create a cold black body radiation environment for superconducting quantum circuits.
Two problems need to be solved before cavity attenuators can have broader applications in circuit QED experiments: First, in the experiments reported in this paper, qubit control and readout tones share the same coupling aperture protected by a cavity attenuator centered near the readout frequency. As a result, qubit control pulses are mostly filtered out, which slows down the qubit state manipulation. This can be avoided by separating the qubit control and readout ports and protecting them with cavity attenuators centered at different frequencies. More desirably, it is possible to design a multi-pole dissipative filter whose bandwidth covers a few qubits simultane- ously. Second, in the current measurement setup, while dissipating excess thermal photons, the cavity attenuator also attenuates the readout signal. Consequently, the measurement signal-to-noise ratio is not sufficient for high-fidelity single-shot dispersive readout. This problem might be addressed by moving the cavity attenuator to the output port of the quantum-limited amplifier. More compactly, we could also realize in situ quantum-limited amplification in the readout cavity using Josephson junctions or "SNAILs" [40, 41] . Combined together, these solutions would bypass the conflict between the isolation and controllability of superconducting qubits, and therefore significantly enhance the qubit coherence times while retaining the benefits of strong qubit-photon interactions in artificial quantum circuits.
